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1 INTRODUCTION 
In this Thesis we present some of the most important results obtained in the PhD concerning 
with multispectral satellite remote sensing and radiative transfer modelling.  
The effects of atmospheric aerosols on the solar radiative transfer have been investigated by 
exploiting both satellite optical imagery and ground-based solar radiation measurements. In 
particular almost clear-sky weather conditions have been taken into account in order to focus 
aerosols impact on radiative transfer avoiding the effects related to clouds.  
We observed the solar radiation measured at ground (i.e. the solar radiation transmitted 
through the atmosphere) and the backscattered radiation observed by a geostationary Earth 
Observation (EO) satellite in different spectral bands. The contemporaneous observation of 
solar radiation “below” and “above” aerosols layer in cloudless-sky conditions can be extremely 
important for aerosols impact assessment and for the development of an innovative method for 
satellite-based solar radiation monitoring taking also into account a near real-time aerosols 
impact detection. 
Besides also the effects of clouds on solar radiation have been modelled, allowing several 
applications in the fields of renewable energies and healthcare.  
In particular some methodologies for the near real-time monitoring of the performances of 
solar energy plants (Photovoltaic or PV, Concentrating Solar Power or CSP, Concentrated 
Photovoltaic or CPV) have been developed also in the frame of different research project (FP7-
MACC, FP7-ENDORSE, ASI-SATENERG). These methodologies are based on the satellite 
monitoring of the solar radiation incident at ground level and on a analytic modelling of the 
solar energy plant, allowing a near-real time comparison between the actual AC power 
produced by the plant and the satellite-based expected one.   
In the healthcare sector instead, an application dedicated to the satellite-based monitoring of 
UV effects on human skin has been developed. This application starts from the near-real time 
assessment of UV erythemal dose and makes a comparison whit user’s Minimum Erythemal 
Dose (MED) in order to provide a “safe sun exposure time” for avoiding sunburns or other skin 
diseases (such as melanoma). 
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The Thesis has been structured as follows. In Chapter 2 we introduce the theoretical 
fundamentals by describing Earth atmosphere (Section 2.1), solar radiation (Section 2.2) and 
radiative transfer (i.e. the interaction of solar radiation with the atmosphere). Then the Chapter 
is concluded with a general description of the satellite optical imagery exploited in this Thesis 
(Section 2.4).  
Chapter 3 is dedicated instead to the scientific results obtained on satellite-based monitoring of 
solar radiation. The effects of clouds are taken into account in Section 3.1, while the results on 
aerosols impact in cloudless conditions are presented in the Section 3.2. At the end of the 
Chapter (Section 3.2.3) we present some innovative concepts on satellite-based aerosols impact 
monitoring derived from the results obtained in Section 3.2. 
The main applications developed starting from our scientific results (presented in Chapter 3) 
are described in Chapter 4 and the related results obtained are reported. 
In Chapter 5 we briefly report the main activities performed during the PhD in the frame of 
national and international research project.  
Finally we summarize the main achieved results and the further research activities currently 
envisaged in Chapter 6 (Conclusions). 
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2 RADIATIVE TRANSFER IN THE 
ATMOSPHERE 
In this Chapter the theoretical background for the study of the radiative transfer of solar 
radiation into the atmosphere is described, starting from a general description of the Earth 
atmosphere (Section 2.1) and then describing the main characteristics of the solar radiation 
(Section 2.2) and its transmission through the atmosphere (Section 2.3). Finally the focus is put 
on the backscattered radiation observed by a Earth Observation (EO) satellite in different 
spectral bands (Section 2.4).   
 
2.1 Earth atmosphere 
Solar radiation is attenuated, before reaching the ground, by the Earth’s atmosphere, i.e. the 
layer of gases and particles that surrounds the Earth. The atmosphere is modelled into a 
number of concentric spheres:  troposphere, stratosphere, mesosphere, thermosphere and 
exosphere (going upward).  
Atmospheric layer Altitude range 
Exosphere 600 – 10000 km 
Thermosphere 85 – 600 km 
Mesosphere 50 – 85 km 
Stratosphere 16 - 50 km 
Troposphere 0 – 16 km 
Table 1: Altitude ranges of different atmospheric layers. Taken from (Seinfeld and Pandis 
1998). 
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Density and pressure decrease continuously, while temperature has important variations in 
each of these layers (see Figure 1). 
The atmosphere consists mainly of molecular nitrogen and molecular oxygen: in cloud-free 
conditions air contains about 78% nitrogen, 21% oxygen, 1% argon and 0.33% carbon dioxide 
by volume (Iqbal 1983).  
In addition the Earth’s atmosphere contains water vapour and also particulate matter such as 
dust, soot, water drops, ice crystals, which are highly variable in time and space. These particles 
suspended into the atmosphere are called atmospheric aerosols. 
 
 
Figure 1: Scheme of the different atmosphere layers. Courtesy of NASA. 
 
The transmittance of the atmosphere to solar radiation is usually determined by diving the total 
atmosphere into three main groups: gaseous molecules, clouds and aerosols.         
 
2.1.1 Gases 
A clear-sky clean atmosphere (i.e. without clouds and aerosols) has a composition of gases that 
with geographical location, elevation and season. The concentration of some atmospheric gases 
such as carbon dioxide (CO2), ozone (O3), carbon monoxide (CO) and methane (CH4) can be 
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highly variable. These gases are not homogenously distributed, in space or in time, throughout 
the atmosphere.  
A typical composition of the clean atmosphere has been realized in 1976 and it’s called “U.S. 
Standard Atmosphere” (see Table 2).  
Constituent gas Content (% by volume) 
Nitrogen (N2) 78.084 
Oxygen (O2) 20.948 
Argon (Ar) 0.934 
Carbon dioxide (CO2) 0.333 
Neon (Ne) 18.18 · 10-4 
Helium (He) 5.24 · 10-4 
Krypton (Kr) 1.14 · 10-4 
Xenon (Xe) 0.089 · 10-4 
Hydrogen (H) 0.5 · 10-4 
Methane (CH4) 1.5 · 10-4 
Nitrous oxide (N20) 0.27 · 10-4 
Ozone (O3) 0 ÷ 12 · 10-4 
Sulphur dioxide (SO2) 0.001 · 10-4 
Nitrogen dioxide (NO2) 0.001 · 10-4 
Ammonia (NH4) 0.004 · 10-4 
Carbon monoxide (CO) 0.19 · 10-4 
Water vapour (H20) 0 ÷ 004 · 10-4 
Nitric oxide (NO) 0.0005 · 10-4 
Hydrogen sulphide (H2S) 0.00005 · 10-4 
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Table 2: Normal composition of clean atmospheric air. Taken from (NOAA 1976). 
Variations of the gaseous composition are a function of the industrial and agricultural activity of 
the place, its surroundings and the general dynamic nature of the atmosphere. 
For example, solar ultraviolet radiation dissociates molecular oxygen (O2) from about 90 km in 
altitude above. So as altitude increases, concentration of O2 decreases and concentration of 
atomic oxygen (O) increases. Instead molecular nitrogen (N2) is much more difficult to 
dissociate, so concentration of atomic nitrogen (N) remains very small also at high altitudes.  
At very high altitudes (above 500 km) helium becomes one of the principal constituents and at 
about 2000 km the principal constituents becomes ionized helium, ionized hydrogen and 
electrons. 
All molecules of air deplete solar energy by extinction, that is caused both by scattering and by 
absorption processes. Scattering happens at all wavelengths and is therefore called a continuum 
process. The absorption by air molecules of solar radiation takes place instead at selective 
wavelengths only (discrete process).  
The most important gaseous absorbers in clean atmosphere are ozone, carbon dioxide, oxygen, 
oxides of nitrogen, nitrogen and hydrocarbons combinations.  
For what concern the radiative transfer of ultraviolet (UV) solar radiation, the most important 
absorber is ozone. In the upper atmosphere, ozone is created mainly by ultraviolet solar 
radiation itself. Indeed the formation of ozone in the stratosphere results from the photolysis of 
molecular oxygen by solar UV radiation followed by the recombination of the oxygen atoms by 
O2 (Zerefos and Bais 1996).  
 
Figure 2: Scheme of the scattering and absorption processes in the atmosphere. Courtesy of 
Flyby. 
Nitric acid vapour traces 
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On the ground instead ozone is formed through the decomposition of nitrogen oxide that enters 
the atmosphere from factory smoke and forest fires, for example.  
Usually the mean density of ozone in a vertical column of air (called total columnar ozone 
density), that is dominated by the stratospheric ozone density, is measured in Dobson Units 
(DU). One DU refers to a layer of gas that would be 10 µm thick under standard temperature 
and pressure (i.e. 0°C temperature and 1 atm of pressure) and it’s equivalent to 2.69 · 1020 
molecules/m2 (McNaught and Wilkinson 1997). A typical value of ozone density is 300 DU at 
European latitudes.  
 
 
Figure 3: Vertical distribution of the ozone density in the atmosphere at mid-latitudes. 
Taken from (Manins 2001).  
The amount of ozone increases with latitude and at high latitudes there are distinct seasonal 
variations: in each hemisphere it is maximum in the spring and minimum in the fall. Also the 
vertical distribution of ozone varies with latitude and seasons, but it is mainly concentrated 
between 10 km and 35 km of altitude (Figure 3).  
Another important absorber of solar radiation in clean atmosphere is the water vapour. Water 
can exist in the atmosphere in three states: gas, liquid and ice. Water in gaseous state is called 
water vapour. The amount of water vapour present in the atmosphere can be usually defined in 
two ways: mixing ratio Mr and precipitable water w’ (Iqbal 1983). The mixing ratio is the ratio 
of the mass of water vapour present to the mass of dry air present in a unit volume (unitless), 
while precipitable water is the total amount (depth) of water vapour in the zenith direction 
between the surface and the top of atmosphere (measured in meters unit). 
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 Figure 4: Total precipitable water retrieved during May 2009 by the Atmospheric Infrared 
Sounder (AIRS) on the Aqua satellite. Courtesy of NASA.  
 
About one-half the precipitable water is concentrated in the first 2 km above sea level and 
above 12 km in altitude precipitable water is practically nonexistent. The amount of 
precipitable water  and varies with seasons. An extremely dry atmosphere may contain as little 
as 1 mm of precipitable water while a humid atmosphere may contain more than 40 mm 
(Figure 4).   
 
2.1.2 Aerosols 
An aerosol is a small solid or liquid particle that remains suspended in the air and follows the 
motion of the air within certain broad limits. Rain, snow and hail are not aerosol particles, while 
coagulated water vapour molecules that follow the motion of the air are considered aerosols.    
In contrast to molecules of the permanent atmospheric gases (Section 2.1.1), suspended 
particles within the atmosphere display considerable diversity in volume, size, distribution, 
form and material composition. 
The optical properties of atmospheric aerosols are determined by chemical composition, 
concentration, shape and internal liquid or solid structure. All these characteristics vary in 
space and time. At any time new particles can enter or leave the atmospheric volume under 
study. Depending on the aerosol type, we can identify among the particles different minerals, 
sulphates, nitrates, biological particles such as bacteria or pollen, organic particles, soot, sea 
salt, etc... 
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Figure 5: Aerial photo of aerosols over Los Angeles (USA). Courtesy of the Department of 
Physics of University of Oxford. 
Aerosol particles are very tiny objects with sizes typically around 100 nm, therefore usually 
they are not visible to the naked eye. Nevertheless, aerosols considerable reduce visibility, 
influence climate, and can cause health problems in humans (Kokhanovsky 2008). 
There are three main sources of particulate matter in the atmosphere: 
 particles can enter the atmosphere from the surface (e.g. dust and sea salt); 
 particles can be generated in atmosphere by gas-to-particle conversions; 
 particles can enter the atmosphere from space (cosmic aerosols). 
Surface-derived aerosols constitutes the main mass of suspended particulate matter (with 
about 50% contribution on a global scale). Particles born in the atmosphere dominate the 
aerosol number concentration. Cosmic aerosols have little influence on the lower atmosphere 
while their contribution on atmospheric air properties is important in the higher atmospheric 
layers. 
Water and ice aerosols form clouds: they will be treated in Section 2.1.3 . 
The concentration of aerosols increased considerably due to industrial activities and 
transportation. In particular the contribution of the anthropogenic aerosols to the total aerosol 
mass is significant. This have several effects, such as health problems in highly populated areas 
and climate change. Globally the increment of aerosols leads to a global cooling in contrast to 
the global warming caused by greenhouse effect. 
Atmospheric aerosols are usually classified in terms of their origin and chemical composition 
(Jaenicke 1988): 
 Sea-salt aerosols 
 Aerosol formed in atmosphere from a gaseous phase 
 Dust aerosols 
 Biological aerosols 
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 Smoke from forest fires 
 Volcanic aerosols 
 Anthropogenic aerosols 
Sea-salt aerosols originates from the oceanic surface due to wave breaking phenomena. The 
largest droplets fall close to their area of origin. Only the smallest aerosol particles with sizes 
from approximately 0.1 to 1 μm are of primary importance to the large scale atmospheric 
properties. 
 
Figure 6: Scanning electron photographs of dried sea-salt aerosol particles collected at Mace 
Head in Ireland. The width of the picture is 2.7 μm. Taken from (Chamaillard, et al. 2003) 
The shape of sea-salt aerosol particles depend on the humidity. Cubic particles are found at low 
humidity, due to the cubic structure of sodium chloride (NaCl) that mainly constitutes these 
particles. Given that NaCl easily dissolves in water, cubic forms transform into spherical shapes 
in high-humidity conditions. The typical numerical concentration of sea-salt aerosols is 250 cm-
3 (Clarke, et al. 2003). 
Dust aerosols originates from the land surface and are composed by solid particles. Most of 
them are not soluble in water (e.g. silicon), so changes in particle shapes are rare events as 
compared to sea-salt aerosols. However the mineral core can be covered by a water or ice shell 
in high-humidity conditions and this can modify the optical properties of these particles. 
The numerical concentration of dust aerosols varies considerably depending in the aerosol 
mode. There are three main modes of aggregation for this type of aerosol (Hess, Koepke and 
Schult 1998) with three different concentrations: 269.5, 30.5 and 0.142 cm-3. 
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Figure 7: Scanning electron photographs of dust aerosol particles. Taken from (Klashnikova 
and Sokolik 2004).  
The atmospheric borne aerosols, called secondary aerosols, originate in the atmosphere due to 
gas-to-particle conversion. This aerosol is composed of mostly sulphates and nitrates. Also 
various organic substances can make a large contribution in the total aerosol mass (Seinfeld and 
Pandis 1998). The generated particles are mostly of spherical shapes with a numerical 
concentration usually in the range 3000 ÷ 7000 cm-3  . This type of aerosol is found at all 
locations, so it plays an important role in the global aerosol budget. 
Biological aerosols (bioaerosols) are characterized by the extreme particle size range and 
enormous heterogeneity. Biological material is present into the atmosphere in the form of 
pollens, fungal spores, bacteria, viruses, insects, fragments of plants and animals, etc..  
The concentration of bioaerosols depends on season, location, height. This type of aerosols can 
occupy up to 30% of the total atmospheric volume at a given location (particularly in remote 
continental areas)  and its concentration is at least three times smaller in remote marine 
environments. Nevertheless, biological aerosols produced inland can travel very long distances 
due to their low density. 
The origins of smoke aerosols are fires of forest, grass or other types of fires. In spite of their 
relative small number (with respect to other types of aerosols), smoke aerosols have important 
local effects (such as human, animal and plant disease, reduction of visibility) and effects on 
global climate change due to generally larger values of light absorption by smoke aerosols (e.g. 
black carbon) as compared to other aerosol species. Smoke aerosols may lead to a number of 
spectacular optical atmospheric effects such as the blue Moon and Sun (van de Hulst 1957). 
Combustion processes produce tremendous numbers of small particles with radii below 0.1μm . 
They also produce particles in the so-called accumulation mode (0.1 -1 μm) and relatively giant 
particles with radii greater than 1 μm. This means that particles of smoke can easily penetrate 
the respiratory system of humans leading to various health problems. 
 
  
12 
 
 
 
Figure 8: A street sample of aerosols submitted for examination as the result of a nuisance 
complaint. The magnification is equal to 40. The white snowballs are spheres of sodium 
carbonate from a nearby paper plant. Inaddition, the sample contains dried leaves, glass, 
glass fibers, paper fibers, cement dust, hematite, limestone, olivine, coal dust, soot, and 
burned wood. There is a great deal of quartz, covered wholly or partially by asphalt. Taken 
from (McCrone 1967). 
Volcanic aerosols originate due to emissions of primary particles and gases (e.g. gaseous 
sulphur) by volcanic activity. Most of them are water-insoluble mineral particles, silicates and 
metallic oxides such as SiO2 which remain mostly in the atmosphere.   
Volcanic sources can be important for the sulphate aerosols burden changes in the upper 
troposphere, where might act as condensation nuclei for ice particles and thus represent a 
potential for a large indirect radiative forcing. Sulphate aerosols leads generally to a cooling of a 
climate system. 
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Figure 9: Effects of volcanic aerosols on the climate. Courtesy of United States Geological 
Survey. 
Anthropogenic aerosols consist of both primary particles (e.g. diesel exhaust and dust) and 
secondary particles formed from gaseous anthropogenic emissions. They contribute about 10% 
of the total aerosol loading. The influence of this small but growing contribution on the climate 
system is not exactly known and should be assessed in future research. 
Although the increased gaseous concentrations lead to larger atmospheric absorption and, 
therefore, to the warming of the atmospheric system, aerosol could increase or decrease the 
level of light reflection by the Earth-atmosphere system depending on the ground albedo 
(Meehl and Tebaldi 2004).    
    
2.1.3 Clouds 
Clouds are one of the most significant elements of the atmospheric system, playing several key 
roles (Seinfeld and Pandis 1998):  
 clouds are a major factor in the Earth's radiation budget, reflecting  sunlight back to 
space or blanketing the lower atmosphere and trapping infrared  radiation emitted by 
the Earth's  surface; 
 clouds deliver water from the atmosphere to the Earth's surface as rain or snow and 
are thus  a key  step in the hydrologic  cycle; 
 clouds  scavenge  gaseous  and  particulate  materials  and  return  them  to the  
surface;  
 clouds provide a medium for aqueous-phase chemical reactions and production of 
secondary  species; 
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 clouds significantly  affect  vertical transport in the atmosphere. Updrafts  and 
downdrafts  associated with clouds determine in a major way the vertical 
redistribution of trace  species  in the  atmosphere.  
 
The solar beam radiation (coming directly from the solar disk) is attenuated by the presence of 
clouds in its path as well as by the various elements of the cloudless atmosphere presented 
above. The depletion of the direct beam by the clouds depends on the type of clouds, their 
thickness and the number of layers (Iqbal 1983).   
 
Figure 10: Radiation arriving on the ground under cloudy skies. Taken from (Iqbal 1983). 
The diffuse component of the solar radiation has contributions from the interaction of solar 
radiation with both air molecules and aerosols, but also the interaction of beam solar radiation 
with the clouds (and cloud layers if the clouds are in layers) contributes to the diffuse solar 
radiation at incident at ground level. Further a portion of the beam and the diffuse solar 
radiation reaching the ground after the first pass through the atmosphere is reflected back to 
the sky, contributing to the multiply reflected irradiance that can increase further the diffuse 
irradiance at ground (see Figure 10).  
Theoretical determination of direct, diffuse and directional intensity of diffuse irradiance is 
quite difficult, requiring data on the type and optical properties of clouds, clouds amount, 
thickness, position, number or layers, etc.. A common approach is to estimate the diffuse solar 
radiation from the solar global radiation and the global radiation in cloudless sky conditions 
(modelled).   
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2.2 Solar radiation 
The radiant energy of the Sun is practically the only source of energy that influences atmospheric 
motions on the Earth and our climate.  
The temperature of the Sun varies from one part to another. Radiation arriving outside the Earth’s 
atmosphere is a complicated function of the convection and re-radiation processes in the outer 
layers of the Sun and other factors. Sun effective temperature is calculated by taking into account 
the solar radiation arriving at the Top of Atmosphere (TOA), its spectral distribution and the 
Stefan-Boltzmann equation in the following way (Iqbal 1983): 
 
T = [ (Isc  rse2) / (σ Rs2)  ]1/4 
where  
 Isc is the solar constant, i.e. the rate of total solar energy at all wavelengths incident on a 
unit area exposed normally to sun rays at one astronomical unit, equal to 1367 W/m2 ; 
 rse is the mean Sun-Earth distance, equal to 149 597 890 km; 
 Rs is the man radius of the solar disk, equal to 695 980 km; 
 σ is the Stefan-Boltzmann constant. 
This relation yield an effective temperature of 5777 K, so we can approximate the solar radiation 
incident on the TOA as the radiation emitted by a black body with temperature 5777 K (Figure 11).  
 
Figure 11: Comparison of the observed solar spectral irradiance at TOA and the spectral 
irradiance emitted by a black body with temperature of 5777 K. Derived from (Iqbal 1983). 
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The solar radiation at TOA is the basis of the radiative transfer modelling of solar radiation in the 
atmosphere.  
 
2.2.1 Common definitions 
In studying the propagation of light in the atmospheric medium, the variable of interest is the 
radiance (intensity, surface brightness). The radiance Lλ crossing a surface dA (see Figure 12) is 
defined as the mean power crossing the unit of surface normal to the direction defined by ŝ, for 
unit of wavelength λ, for unit of solid angle Ω around ŝ: 
 
Thus radiance units are W m−2 sr−1 µm−1 . 
 
Figure 12: Scheme for the radiance definition. Courtesy of Flyby. 
The irradiance (or flux) Eλ is defined by fixing a plane (i.e. the ground) and integrating in the 
semi-solid angle the radiance Lλ (see Figure 13): 
 
 
Depending on the semi solid angle chosen for the integration, the considered irradiance is 
named downwelling (light incident on the upper surface from the overlying strata) or upwelling 
(i.e. ground or cloud reflected toward the sky). 
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Figure 13: Scheme for the irradiance definition. Courtesy of Flyby. 
In the latter case, considering the ground as a Lambertian diffuser (i.e.  reflected radiance is 
distributed isotropically:  Lλ = L0λ), the irradiance takes the form of: 
 
In case of a mono-directional radiance (represented by a Dirac Delta distribution):  
Lλ =  δ(Ω − Ω0) L0λ  
(i.e. extra atmospheric radiance from the Sun impinging at the top of the last atmospheric layer) 
the corresponding irradiance is: 
 
where θ0 is the angle of incidence of the radiation on the plane. 
Fixing a wavelength range [λ0 , λ1], we can define the spectrally integrated radiance for a fixed 
position in the space as: 
 
and the spectrally integrated irradiance as: 
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2.2.2 Approximations  
The source of radiance in Earth atmosphere in the wavelength of interest of this Thesis (UV, 
visible and near infrared) is the Sun.  Thus, in the following equations the contribution due to 
thermal emission of ground and atmosphere itself is neglected. 
The system is considered to be in steady state, that is the propagation of light in the medium is 
considered instantaneous, and the polarization of the photons is not considered, so we are 
dealing with radiation averaged over all polarizations, ignoring the dependence of the 
scattering on the polarization. 
Following the literature (Kylling and Mayer 2005), in this work the Top Of Atmosphere (TOA) 
has been fixed at 120 km, a value that allows the atmosphere to be considered transparent in 
the wavelength of UV, visible and near infrared. 
 
2.2.3 Components of the solar irradiance 
The solar irradiance incident on a plane could be divided in different components (see Figure 
14):  
 the component arriving directly from the sun that hasn’t been affected by scattering 
processes in the atmosphere, that is called beam (or direct) component; 
 the component deriving from scattering processes of the solar radiation in the 
atmosphere, called diffuse component; 
 the component due to the reflection from the surrounding ground, that is called ground 
reflected component. 
 
 
Figure 14: Different components of the solar irradiance incident on a plane. Courtesy of 
Flyby. 
Given that the solar irradiance actually measured is the one incident orthogonally (i.e. the plan 
orthogonal component) with respect to the plane of measurement, the type of solar irradiance 
considered changes depending on the plane considered for its measurement (see Figure 15) : 
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 if the plane is horizontal with respect to the ground, the irradiance is called 
horizontal;  
 if the plane is oriented normally with respect to incident solar rays (following sun’s 
apparent motion), the irradiance is called normal ; 
 if the plane is fixed in a tilted position (i.e. not horizontal), the irradiance is called 
tilted.    
 
In this work we mainly consider two spectral ranges: 
 ultraviolet spectral range (UV): 100 nm – 400 nm ; 
 shortwave spectral range: 280 nm – 2500 nm ; 
and the following solar radiation components: 
 Global Horizontal Irradiance (GHI), i.e. the solar irradiance measured on a plane 
horizontal with respect to the ground ; 
 Global Tilted Irradiance (GTI), i.e. the solar irradiance incident on a fixed tilted plane 
(e.g. a solar photovoltaic cell) ; 
 Global Normal Irradiance (GNI), i.e. the solar irradiance incident on a plane normal to 
the sun rays (that is usually the plane where the skin absorbs the maximum dose of UV 
radiation) . 
Every “global” quantity is sum of the related beam, diffuse and reflected components of the 
solar radiation, that is: 
 GHI = BHI + DHI (there is no ground reflected component incident on a horizontal 
plane) ; 
 GTI = BTI + DTI + RTI ; 
 GNI = BNI + DNI +RNI . 
 
 
Figure 15: Scheme of a plane normal to sun rays (surface B) and of an horizontal plane 
(surface A). Courtesy of Flyby. 
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2.2.4 Solar shortwave radiation 
The spectral range of the solar radiation incident on Earth’s atmosphere is commonly called 
“shortwave”, in contrast to the “longwave” radiation emitted by Earth and the atmosphere that 
has spectral range from 4 μm to 25 μm (thermal infrared). 
Shortwave radiation ranges from 100 nm (ultraviolet) to 3000 nm (infrared). The solar 
shortwave radiation it’s detectable only during daylight and its maximum occurs at 480 nm 
(visible). The typical spectrum of the solar shortwave radiation at TOA and at surface is shown 
in Figure 16. 
In this work we will consider solar shortwave radiation only (both from ground and from EO 
satellite point of views), that is composed by (IARC 1992): 
 UV radiation (100 nm – 400 nm); 
 visible radiation (400 nm – 780 nm); 
 shortwave infrared radiation (780 nm – 3000 nm, i.e. IRA and IRB). 
 
 
Figure 16: Spectrum of the solar shortwave radiation at ground level, reported also with the 
spectrum at TOA level and the sun’s blackbody spectrum. Courtesy of the American Society 
for Testing and Materials (ASTM).  
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2.2.5 Solar UV radiation 
The ultraviolet (UV) wavelength range considered in this work is divided in UV-A (between 315 
nm and 400 nm) and the UV-B (between 280 nm and 315 nm). The other part of UV radiation 
coming from the sun, i.e the UV-C (between 100 nm and 280 nm), is completely blocked by the 
atmosphere and typically doesn’t arrive at ground level.  
 
 
Figure 17: Scheme of the propagation of solar ultraviolet radiation into the atmosphere. 
Courtesy of the National Institute for Environmental Studies of Japan. 
To estimate the danger for the human skin for the UV radiation, the UV-Index (UVI) estimative 
index will be used. 
The UVI is defined as the integral on the wavelength of the UV spectral irradiance weighted with 
the Erythemal (skin burn) Action Spectrum (EAS) )(eryf  as defined in (McKinlay and Diffey 
1987). The EAS is a function that estimates the seriousness of UV exposure with respect to the 
wavelength and applying a scaling factor of mW25 : 
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Figure 18: Erythemal Action Spectrum (weight function) for converting UV spectral 
irradiance into the UV-Index. Taken from (McKinlay and Diffey 1987). 
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2.3 Radiative transfer 
When solar radiation enters the Earth’s atmosphere, a part of the incident energy is removed by 
scattering and a part by absorption. Both these processes are part of the so-called extinction of 
solar radiation and considerably modify the spectral energy passing through the atmosphere 
(Iqbal 1983).  
 
Figure 19: Distribution of direct (beam), diffuse and absorbed solar radiation. Taken from 
(Iqbal 1983). 
Considering a beam of parallel monochromatic radiation Iλ (with wavelength λ) entering a 
homogenous medium, the flux emerging from the medium is reduced by a certain quantity dIλ  
after traversing a distance dz. The resulting flux is then (Iλ - dIλ), as shown in Figure 20.  The 
amount attenuated in passing through the medium can be evaluated by the so-called Lambert-
Beer’s law. According to this law, the attenuation of light through a medium is proportional to 
the distance transverse in the medium and to the local flux of radiation as follows: 
 
             
          
 
where kλ is the monochromatic extinction or attenuation coefficient and dz is the optical path 
length. 
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Figure 20: Geometry of a monochromatic beam of radiation passing through a thin layer of 
atmosphere. Courtesy of the Department of Geology of the University of California at Santa 
Barbara (USA). 
This is the starting point for the study of the radiative transfer in the atmosphere, that is a 
complex problem affected by a lot of different scattering and absorption processes highly 
variable in space and time. As an example, scattering of solar radiation by atmospheric particles 
occurs in different ways depending on the dimension of the particle and the wavelength, as 
shown in Figure 21. 
Radiative transfer could be modelled by complex models called Radiative Transfer Models 
(RTM) that takes into account typical compositions of the atmosphere. Atmosphere is divided a 
lot of layers and the RTM models the incoming and the outgoing radiation for each layer from 
TOA to surface.     
 
Figure 21: Atmospheric scattering processes occurring at different radiation wavelengths 
for different molecules radii. Courtesy of the Department of Geology of the University of 
California at Santa Barbara (USA). 
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2.4 Satellite multispectral optical imagery 
In this Thesis we consider the multispectral optical images provided by an optical sensor on the 
Meteosat Second Generation (MSG) Earth Observation (EO) geostationary satellite. 
Meteosat Second Generation (MSG) is a meteorological satellite with a radiometer, the Spinning 
Enhanced Visible and InfraRed Imager (SEVIRI), that delivers daylight radiance images plus 
thermal information with a spatial resolution at sub-satellite point (located at 0° in latitude and 
0° in longitude, above the gulf of Guinea) of 3 km. 
 
 
Figure 22: Characteristics of then SEVIRI mutispectral channels. Taken from(EUMETSAT 
2005). 
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A description of SEVIRI bands is reported in Figure 22, Figure 23 and Figure 24, showing also a 
diagram of the atmospheric transmittance (due to molecular scattering, aerosol scattering and 
total contribution of absorption plus scattering). 
 
 
Figure 23: SEVIRI solar channels spectral response, together with typical atmospheric 
transmittance spectra. Taken from www.eumetsat.org. 
 
 
Figure 24: SEVIRI thermal channels spectral response, together with typical atmospheric 
transmittance spectra. Taken from www.eumetsat.org. 
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The spatial coverage of the provided images is comprised from -66° to 66° both in latitude and 
longitude (Figure 25), while the temporal resolution 15 minutes. 
 
Figure 25:Spatial coverage of the SEVIRI sensor on the MSG satellite. Courtesy of Flyby. 
 
 
Figure 26: An example of the full-disk image observed by the SEVIRI sensor on the MSG 
satellite in the 0.8 μm visible channel on September 2nd 2014 at 12.00 UTC. Source data are 
provided by EUMETSAT. 
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2.5 Solar radiation measurements at ground 
We designed and installed, with the financial support of Flyby S.r.l., a solar radiation 
measurement station on Flyby’s roof at Livorno (Italy). The installation site is in plain, near to 
the sea (about 200 meters from the coast) and with no relevant obstacles in the surroundings 
(such as mountains or high buildings).  
 
Figure 27: The  solar measurements  site  at  Flyby (Livorno, Italy), represented  by a  red  
square  on  the  image. The geographical coordinates are 43.506°N,  10.322°E . Image has 
been retrieved from  Google Earth service (http://earth.google.it). 
The scheme of the measurement station is shown in Figure 28, while in Figure 29 we reported a 
photo of the installation phase and in Figure 30 a photo of the complete  solar measurement 
station is shown.   
 
 
Figure 28: Scheme of the solar measurement station at Flyby (Livorno, Italy).  
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Figure 29: Photo during the installation of the solar measurement station at Flyby (Livorno, 
Italy). The Author is setting the position of one of the UV sensors.  
 
 
Figure 30: Photo of the complete solar measurement station at Flyby (Livorno, Italy).  
 
The following instruments have been installed: 
 three UV sensors provided by Davis Instruments, that constantly measure the UV 
index with 1 minute intervals (installed at different tilt angles); 
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 one first class pyranometer and one second class pyranometer provided by Delta Ohm, 
that constantly measure the solar shortwave irradiance with 1 minute intervals (both 
installed in horizontal position) 
 one ultrasonic anemometer provided by Delta Ohm (for temperature, pressure and 
wind measurements). 
In addition to this instrumentation, there is also a small photovoltaic plant (3 PV cells with a 
total nominal power production of 0.5 kW) on the same roof that is constantly monitored by 
Flyby S.r.l. : the AC power produced is measured every 15 minutes. 
For the scope of this Thesis we take into account only the measurements provided by one of the 
UV sensors (the one installed in horizontal position) and the AC power produced by the PV 
plant. Some technical details about the UV sensor used have been reported in Figure 31 and 
Figure 32 (as provided by sensor manufacturer).  
 
 
Figure 31: Technical characteristics of the UV sensor provided by Davis Instruments. Taken 
from (Davis Instruments 2006). 
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Figure 32: Cosine and spectral responses of the UV sensor provided by Davis Instruments. 
Taken from (Davis Instruments 2006). 
 
 
Figure 33: Photo of the Davis  Instruments UV Sensor model 7841. Taken from 
www.davisnet.com. 
 
The other measurements will be useful for future research activities and for the further 
development of the methodologies presented in this Thesis.  
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3 AEROSOL IMPACT ON 
RADIATIVE TRANSFER 
In this Chapter the main scientific results obtained on aerosols impact detection are presented. 
In particular in Section 3.1 we describe the methodology used to identify clouds (and model 
their impact on radiative transfer) starting from satellite visible imagery. Then in Section 3.2 we 
take into account cloudless (or clear-sky) weather conditions (identified also exploiting the 
methodology presented in Section 3.1), analyzing: 
 the simulations of cloudless solar radiation at ground level and at satellite sensor in 
different spectral bands (exploiting a RTM); 
 the solar irradiance actually observed both at ground and by the SEVIRI sensor on 
MSG satellite for the same site and date. 
From the comparison of these simulated and observed quantities we derived some innovative 
concepts for the satellite-based near real-time assessment of aerosols impact on solar radiation 
(Section 3.2.3) that could increase the accuracy of related applications (such as in the solar 
energy and in the healthcare fields, as explained in Chapter 4). 
 
3.1 Satellite near real-time monitoring of cloudiness 
Satellite visible imagery can be exploited to detect clouds, that are very responsive in the visible 
part of the spectrum (i.e. cloud have a high reflectance of incident visible radiation). This idea is 
the basis of a method for satellite-based assessment of clouds impact on solar radiation at 
ground  described in (Cano, et al. 1986) . We started from this method, called “Heliosat”, for the 
development of a satellite-based monitoring of solar radiation at ground and its related 
applications (described in Chapter 4). 
In addition to this, the Heliosat method can be exploited to identify in near real-time cloudless-
sky conditions, allowing a further analysis of aerosols impact in this conditions (Section 3.2).   
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Basically Heliosat method can be used to determine in near real-time an index related to the 
amount of cloudiness (called “cloud index”). This index can be further exploited to determine 
the solar radiation incident at ground by taking into account modelled values of cloudless solar 
radiation (the so-called “clear-sky model). 
 
Sun 
Satellite 
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Figure 34: Scheme of a EO satellite acquisition geometry. Courtesy of Flyby. 
 
For each single pixel of the satellite image the radiance contribution can be calculated for the 
MSG visible band: 
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with: 
 : observer - satellite angle with the normal direction to the ground; 

: Sun–satellite relative angle; 
oI  is the solar constant (1367 
2mW ); 
  is the equivalent optical depth in the MSG visible band. 
 
The apparent albedo 

 is thus calculated by (Dagestad and Olseth 2005): 
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being: 
R  the calibrated at sensor radiance in the visible band; 
HRVI : the TOA irradiance in the visible band. 
If we consider a cloudless atmosphere, the apparent albedo 

 is equal to the ground albedo 
g , (clear sky albedo).  
Then g

 can be written as: 
 
)()(
0
 shapegg   
being 0g

 the reflectance for 
0
 and shape

 a shape function for taking into account any 
non-Lambertian behaviour of the ground surface reflection, shading due to the ground 
structure and contributions of multiple scattering events and molecular and aerosol absorption. 
shape  is empirically modelled as (Dagestad and Olseth 2005): 
32 0.05+0.11+0.59-1)(  shape  
From the ground albedo for a clear sky situation, a cloud index n is then calculated for each 
pixel of the image as (Rigollier, Bauer and Wald 2000): 
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with: 
g : albedo calculated for cloud free case;  
c : albedo in the total cloud cover case (value of 0.81 is chosen). 
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3.2 Aerosols impact on cloudless-sky solar radiation 
In cloudless weather conditions, solar radiation is attenuated by the other constituents of the 
atmosphere. In particular one of the most variable (but relevant) contribution to this 
attenuation is due to aerosols extinction of solar radiation. 
As schematically shown in Figure 35, aerosols play a role similar to clouds in cloudless-sky 
conditions. In spite of their low reflectance of visible light with respect to clouds (indeed they 
are relatively less visible to human eye), their impact on the radiative transfer of solar 
shortwave radiation is relevant and can be observed both at ground (impact on the solar 
shortwave radiation incident at ground) and by a satellite optical sensor (solar backscattered 
radiation at satellite level).   
 
 
Figure 35: Aerosols and clouds interactions with incident solar radiation. Courtesy of the 
Lawrence Livermore National Laboratory (USA). 
Starting from the results of (Oumbe, et al. 2014) on the decoupling of the effects of clear 
atmosphere and clouds on shortwave solar irradiance, we supposed that a similar approach 
could be adopted in cloudless-sky conditions taking the aerosol layer as a “clouds-like” layer 
affecting the solar radiative transfer. 
In particular we tried to exploit solar radiation measurement at ground, backscattered radiation 
measurements at satellite level and the RTM simulation of both in order to find a possible 
correlation between aerosols impact on solar radiation at ground and satellite observations. 
We selected two days (close in time) at the beginning of September 2014 for the weather 
observed in Livorno (Italy): 
 September 2nd 2014, a cloudless-sky day with very low aerosols presence due to a 
heavy rain during the preceding night ; 
 September 6th 2014, a cloudless-sky day with high aerosols presence due to a total 
absence of rain and low windiness from September 2nd . 
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Figure 36: Line of sight from Livorno to the island of Capraia. Image taken from the Google 
Earth service. 
In this case the high difference in aerosols presence between the two days could be also 
detected directly observing the horizon by naked eye. Indeed we observed an evident difference 
from the roof of Flyby (solar radiation measurements site): in the first day (September 2nd) the 
island of Capraia (about 65 km from Livorno in line of sight, see Figure 36) was clearly 
detectable on the horizon (see Figure 37 and Figure 38), while in the second day (September 
6th) it was not (see Figure 39 and Figure 40).     
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Figure 37: Photo of the solar radiation measurements station and the horizon seen from the 
roof of Flyby (Livorno, Italy) on September 2nd 2014. 
 
 
Figure 38: Photo of the horizon seen from the roof of Flyby (Livorno, Italy) on September 2nd 
2014. The Capraia island can be detected on the horizon. 
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Figure 39: Photo of the solar radiation measurements station and the horizon seen from the 
roof of Flyby (Livorno, Italy) on September 6th 2014. 
 
 
Figure 40: Photo of the horizon seen from the roof of Flyby (Livorno, Italy) on September 6th 
2014. The Capraia island cannot be detected on the horizon. 
So we decided to compare observed (Section 3.2.1) and simulated (Section 3.2.2) quantities for 
these two days in order to possibly find evidences of the different aerosols presence in the 
atmosphere.  
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3.2.1 Observations 
 
3.2.1.1 At surface 
We analyzed the following quantities at surface (measured with the solar measurements station 
described in Section 2.5) in order to emphasize aerosols impact for the applications in solar 
energy and healthcare sectors (Chapter 4): 
 AC power produced by the photovoltaic plant (nominal power production of 0.5 kW); 
 UV index on the horizontal plane, measured by the UV sensor provided by Davis 
Instruments. 
For both these types of measurement we observed aerosols impact: indeed both UV index and 
AC power are lower on September 6th due to higher aerosols presence in the atmosphere (as 
shown in Section 3.2.1.1). 
The comparison of the AC power produced by the PV plant on September 2nd and September 6th 
(sampled every 15 minutes) is reported in Figure 41. The mean relative difference (considering 
only non-zero values) is 10.24 % (corresponding to a mean difference of 16.51 W), while the 
relative difference at noon is 6.06 % (corresponding to 20 W).   
Instead the comparison of the horizontal UV index measured on September 2nd and September 
6th (sampled every 1 minute) is reported in Figure 42. In this case the mean relative difference 
(considering only non-zero values) is 11.28 % (corresponding to a mean difference of 0.32 UV 
index), while the relative difference at noon is 8.20 % (corresponding to 0.5 UV index).   
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Figure 41: Comparison of the AC power produced by the photovoltaic plant at Flyby (Livorno, Italy) on September 2nd and on September 6th 
2014. Data have been sampled every 15 minutes from 4.00 UTC to 19.00 UTC. Source data are provided by Flyby. 
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Figure 42: Comparison of the UV index on the horizontal plane measured at Flyby (Livorno, Italy) on September 2nd and on September 6th 
2014. Data have been sampled every 1 minute from 4.00 UTC to 19.00 UTC. Source data are provided by Flyby.
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3.2.1.2 At satellite sensor 
Besides, we analyzed also the calibrated spectral radiance (mW/m2/sr/cm-1 units) observed by 
the SEVIRI sensor on the MSG satellite for the same site (i.e. Flyby at Livorno, Italy) and the 
same two days of September 2014.  
In particular we focused on two infrared channels with central wavelengths 1.6 μm and 3.9 μm: 
indeed these channels have been designed also to detect aerosols in absence of 
clouds(EUMETSAT 2005). Moreover the SEVIRI channel at 1.6 μm has already been found 
useful for aerosols detection (by simulations) as described in (Carboni, et al. 2007). 
We actually found a difference in the radiance observed by SEVIRI in these two channels: this 
difference can be linked to aerosols presence, as shown also by our RTM simulations described 
in Section 3.2.2.2 .  
We reported, as example, the source full-disk satellite optical images observed by SEVIRI at 
both 1.6 μm and 3.9 μm on September 2nd and September 6th (at 12.00 UTC) in Figure 43, Figure 
44, Figure 45 and Figure 46. 
 
 
Figure 43:Full-disk image observed by the SEVIRI sensor on the MSG satellite in the 1.6 μm 
infrared channel on September 2nd 2014 at 12.00 UTC. Source data are provided by 
EUMETSAT. 
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Figure 44: Full-disk image observed by the SEVIRI sensor on the MSG satellite in the 3.9 μm 
infrared channel on September 2nd 2014 at 12.00 UTC. Source data are provided by 
EUMETSAT. 
 
 
Figure 45:Full-disk image observed by the SEVIRI sensor on the MSG satellite in the 1.6 μm 
infrared channel on September 6th 2014 at 12.00 UTC. Source data are provided by 
EUMETSAT. 
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Figure 46: Full-disk image observed by the SEVIRI sensor on the MSG satellite in the 3.9 μm 
infrared channel on September 6th 2014 at 12.00 UTC. Source data are provided by 
EUMETSAT. 
 
The comparison graph for the radiance observed by the SEVIRI channel at 1.6 μm on September 
2nd and on September 6th is reported in Figure 47. The calibrated spectral radiance observed on 
September 6th is 0.1184 mW/m2/sr/cm-1 greater with respect to the one measured on 
September 2nd on average.  
Instead the comparison graph for the radiance observed by the SEVIRI channel at 3.9 μm in the 
same two days is reported in Figure 48. In this case the calibrated spectral radiance observed 
on September 6th results 0.0312 mW/m2/sr/cm-1 greater with respect to the one measured on 
September 2nd on average. 
Both the differences in radiance observed could be explained by an increase of the amount of 
aerosols in the atmosphere from September 2nd to September 6th, as shown by the RTM 
simulations described in Section 3.2.2.2.  
As said, this difference in aerosols presence has been also directly observed by comparing both 
UV index and photovoltaic power production measured at ground in the two considered days 
(Section 3.2.1.1).  
 
  
45 
 
 
 
Figure 47: Comparison of the spectral radiance observed by the SEVIRI sensor on the MSG satellite in the 1.6 μm infrared channel for the 
Flyby site (Livorno, Italy) on September 2nd and on September 6th 2014. Data have been sampled every 15 minutes from 4.00 UTC to 19.00 
UTC. Source data are provided by EUMETSAT. 
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Figure 48: Comparison of the spectral radiance observed by the SEVIRI sensor on the MSG satellite in the 3.9 μm infrared channel for the 
Flyby site (Livorno, Italy) on September 2nd and on September 6th 2014. Data have been sampled every 15 minutes from 4.00 UTC to 19.00 
UTC. Source data are provided by EUMETSAT. 
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3.2.2 Simulations 
In Section 3.2.1 we described the observations performed on September 2nd and September 6th 
2014 for the Flyby site (Livorno, Italy).  
This observations reveal that there is an increase of aerosols presence in the atmosphere from 
September 2nd to September 6th, as shown by the ground measurements of both UV index and of 
the AC power produced by a photovoltaic plant. 
This difference in the atmospheric composition of the two days can be observed also by satellite 
optical imagery, in particular comparing the radiances observe in the infrared channels 1.6 μm 
and 3.9 μm by the SEVIRI sensor on MSG. Indeed we observed a global increase of the radiance 
observed in both these channels that could be related to the increase in aerosols presence into 
the atmosphere.  
But we still need radiative transfer simulations to confirm that: 
 the effects observed at surface are really attributable to aerosols impact on solar 
radiative transfer; 
 the increase in the radiances observed by the satellite channels can be actually related 
to the increase in aerosols presence (as supposed). 
In this Section we present the results obtained from the simulations of the quantities measured 
both at ground and at satellite level (already described in Section 3.2.1). These simulations have 
been performed through a Radiative Transfer Model (RTM) for a typical atmospheric profile for 
Livorno (coastal type) in September, varying only the amount of aerosols in the atmosphere (i.e. 
the parameter “aerosols visibility”) in order to study its impact on the measured radiation 
values (both at ground and at satellite). The ground albedo value has been derived from 
(Baldridge, et al. 2009). 
We decided to adopt one of the RTMs mostly used by the scientific community: libRadtran, that 
is an open source software containing a very accurate RTM (Kylling and Mayer 2005). In the last 
year libRadtran has been upgraded with the possibility to include also the simulation of the 
radiation observed in different spectral bands by EO geostationary satellite sensors (such as 
SEVIRI on MSG) in addition to the usual simulations of radiation at ground level (Gasteiger, et al. 
2014).  
 
3.2.2.1 At surface 
First we consider the spectral solar irradiance incident at ground level at Flyby site on 
September 2nd and on September 6th for a typical value of aerosols visibility (10 km). The result 
of its simulation is reported in Figure 49. The graph shows that there is no substantial variation 
in the solar irradiance at ground with the same atmosphere for the two days considered, 
implying that the observed variations (Section 3.2.1) should be related to variations in the 
atmospheric composition itself. 
Then we compared the simulated spectral solar irradiance at ground for different values of the 
aerosols visibility (i.e. amount of aerosols in the atmosphere) on September 2nd at 12.00 UTC 
(we didn’t report the simulation of September 6th because it’s very similar). We considered the 
following values for aerosols visibility: 0.1 km, 1 km, 10 km and 100 km. The resulting graph is 
shown in Figure 50. The most typical situation is represented by the 10 km visibility case, while 
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the 0.1 km is a quite impossible case (there is a quite complete darkness at noon only caused by 
aerosols).  
The simulations always show that the impact of aerosols on solar irradiance at ground can be 
relatively very high. 
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Figure 49: Comparison of the simulated spectral solar (shortwave) irradiance at Flyby (Livorno, Italy) on September 2nd and on September 6th 
2014. Data have been obtained exploiting the libRadtran RTM. 
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Figure 50: Simulated spectral solar (shortwave) irradiance at Flyby (Livorno, Italy) on September 2nd for different values of aerosols visibility. 
Data have been obtained exploiting the libRadtran RTM.
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The same comparison for different values of aerosols visibility has been performed also for both 
the simulated shortwave solar irradiance at ground and the simulated UV index at ground. 
Results are shown in Figure 51 and Figure 52. 
 
Figure 51: Simulated solar shortwave irradiance at Flyby (Livorno, Italy) on September 2nd 
(0 UTC - 24 UTC) for different values of aerosols visibility. Data have been obtained 
exploiting the libRadtran RTM. 
 
Figure 52: Simulated UV index at Flyby (Livorno, Italy) on September 2nd (5 UTC – 17.30 UTC) 
for different values of aerosols visibility. Data have been obtained exploiting the libRadtran 
RTM. 
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3.2.2.2 At satellite sensor 
The same simulated atmosphere exploited in the previous Section has been used also to 
simulate the radiances to be observed by the SEVIRI sensor on the MSG satellite in the 1.6 μm 
and 3.9 μm infrared channels for different values of aerosols visibility. It’s important to 
highlight that we changed only the aerosols visibility parameter in the different simulations, in 
order to emphasize its effects only.  
Simulation results are reported in Figure 53 and Figure 54, clearly showing an inverse 
proportionality between radiance at satellite sensor and aerosols visibility in both channels.  
The results obtained confirm our hypothesis described at the end of Section 3.2.1: actually the 
simulated radiances in both channels result inversely proportional to aerosols visibility on 
average, i.e. the radiances increase with the aerosols amount in the atmosphere (that is 
inversely proportional to visibility).  
So the radiance observed in these two infrared channels can be correlated to aerosols impact on 
solar radiation at ground, possibly paving the way for the development of an innovative 
methodology for the satellite-based near real-time detection of aerosols impact on solar 
radiation at ground (Section 3.2.3). 
The comparison of the spectral radiances observed by the satellite sensor (reported in Figure 
47 and Figure 48) with the related simulated radiances (reported in Figure 53 and Figure 54) 
could also allow a satellite-based guess on the aerosols visibility on September 2nd and on 
September 6th at Livorno. Indeed the observed radiances (particularly for the 1.6 μm case) 
agree with the simulated radiances in the range 1 km – 100 km of aerosols visibility, compatibly 
also with Capraia island visibility/invisibility on the horizon in the two days (supposing the 
same aerosols visibility also in the troposphere between Livorno and Capraia, i.e. above open 
sea).  
In any case all these conclusions should be further studied and validated with more measured 
and simulated data, taking into account also different ground albedo and air temperature 
conditions (possibly influencing the infrared satellite channels).  
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Figure 53: Simulation of the radiance observed by the SEVIRI sensor on the MSG satellite in the 1.6 μm channel for the Flyby site (Livorno, 
Italy) on September 2nd 2014 (0 UTC – 24 UTC). Data have been obtained exploiting the libRadtran RTM.  
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Figure 54: Simulation of the radiance observed by the SEVIRI sensor on the MSG satellite in the 3.9 μm channel for the Flyby site (Livorno, 
Italy) on September 2nd 2014 (0 UTC – 24 UTC). Data have been obtained exploiting the libRadtran RTM.
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3.2.3 Innovative concepts for the near real-time assessment of 
aerosols impact 
The results reported in Section 3.2.1 and Section 3.2.2 show that there is a correlation between 
the amount of aerosols in the atmosphere (aerosols visibility) and the spectral radiance 
observed by the SEVIRI sensor on the MSG satellite in the infrared channels at 1.6 μm and 3.9 
μm. And aerosols visibility has an evident impact on solar radiative transfer and, consequently, 
on the solar radiation incident at ground level. 
These facts can be exploited to develop an innovative satellite-based technique for the near 
real-time detection of aerosols impact on solar radiation at ground. 
Indeed combining these results with the technique for cloudiness monitoring presented in 
Section 3.1, a novel method could be developed taking into account also aerosols impact in 
cloudless-sky conditions and further increasing the accuracy of current methods for satellite-
based near real-time monitoring of solar radiation. 
A possible scheme of the envisaged method is reported in Figure 55. 
 
 
Figure 55: Scheme of a possible innovative method for the satellite-based near real-time 
monitoring of solar radiation at ground that takes into account also aerosols impact in 
cloudless-sky conditions.   
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4 APPLICATIONS 
In Europe about half a million skin cancer cases occur per year.  This is strongly associated with 
personal habits in exposing to sun with poor protection against its ultraviolet (UV) component. 
The need to protect oneself depends mainly on the local UV index which can be derived in near 
real time from satellite data.  
Another challenge is the monitoring of solar plants. An early detection of the decline in energy 
production due to any malfunction can avoid a significant loss of income, especially for big 
plants. This can be done by comparing the actual energy production with the expected one, 
which can be estimated by means of satellite data. 
These two challenges have been engaged by developing two different satellite-based 
applications, one dedicated to near-real time monitoring of the performances of solar energy 
plants (Section 4.1) and the other one that provides a near real-time monitoring of UV dose 
(Section 4.2). The applications rely on the scientific results presented in Chapter 3 and already 
showed a good level of accuracy in their first versions. 
All the results presented hereby have already been published in (Morelli, Masini and Ruffini, et 
al. 2015 - in press) and in (Morelli, Masini and Diémoz, et al. 2014). 
 
4.1 Solar energy: near real-time monitoring of solar plants 
 
4.1.1 Concept  
Our modelling technique, schematically shown in Figure 56, firstly models the global tilted 
irradiance incident on each PV module following the approach described by (Perez, Ineichen, et 
al., Modeling daylight availability and irradiance components from direct and global irradiance 
1990) and starting from the satellite-based solar shortwave irradiance data derived exploiting 
the techniques described in Chapter 3. 
Then the solar energy plant is modelled in order to calculate the AC power yield. The PV 
modules have been modelled using an equivalent circuit with a (photovoltaic) current 
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generator, connected in series with a resistance and in parallel with a diode and another 
resistance. This opto-electronic model of each PV cell has been taken from (De Soto, Klein and 
Beckman 2006) and has been schematically represented in Figure 57. 
 
Figure 56: Scheme of our modelling technique for the satellite-based near real-time 
monitoring of solar energy photovoltaic plants. 
 
Figure 57: Equivalent circuit of a PV cell exploited in the opto-electronic model. Taken from 
(De Soto, Klein and Beckman 2006). 
 
4.1.2 Results 
We compared the hourly AC power (i.e. the hourly averaged AC power produced by the solar 
energy plant) calculated using our satellite-based methodology and the in-situ measured one 
for three PV solar energy plant, respectively located in Veneto (North Italy), in Lazio (Centre 
Italy) and in Sicily (South Italy). We considered the hourly AC power data from 05:00 UTC to 
20:00 UTC for November 2013, January 2014, March 2014, May 2014, July 2014 and September 
2014 (considering all-seasons data). Since we have some lacks of data, we considered a total of 
5383 time instants. 
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Figure 58: Scatter plot comparing the hourly AC power produced by three different PV plants 
as calculated by the satellite-based method and as obtained from in-situ measured data. 
Source data are referred to a 4.86 kWp plant in Veneto (North Italy), a 3.89 kWp plant in 
Lazio (Centre Italy) and a 20.0 kWp plant in Sicily (South Italy). The considered periods are 
November 2013, January 2014, March 2014, May 2014, July 2014 and September 2014, for a 
total of 5383 time instants that range from 05:00 UTC to 20:00 UTC.  Taken from (Morelli, 
Masini and Ruffini, et al. 2015 - in press). 
The results obtained are shown in the scatter plot graph presented in Figure 58. In Figure 59 
and Figure 60 the results for one month for the Veneto plant has been reported, showing the 
comparison between the monthly behaviours of satellite-based and in-situ measured hourly AC 
power data (Figure 5) and the related behaviour of the NMAE (Figure 6) respectively. 
 
Figure 59: Comparison between the behaviour of the satellite-based hourly AC power and 
the in-situ measured one. Data are referred to a single month (September 2014) for the PV 
plant in Veneto. Taken from (Morelli, Masini and Ruffini, et al. 2015 - in press). 
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Figure 60: An example of the behaviour of the NMAE resulting from the comparison between 
satellite-based and in-situ measured hourly AC power. Data are referred to a single month 
(September 2014) for the PV plant in Veneto. Taken from (Morelli, Masini and Ruffini, et al. 
2015 - in press). 
The results show a good accuracy: the overall Normalized Bias (NB) is -0.41 %, the overall 
Normalized Mean Absolute Error (NMAE) is 4.90 %, the Normalized Root Mean Square Error 
(NRMSE) is 7.66 %. “Normalized” means that the statistical quantities reported here have been 
normalized with respect to the nominal power of each plant, i.e. 4.86 kWp, 3.98 kWp and 20.0 
kWp respectively. The overall Correlation Coefficient (CC) is 0.9538. The maximum value of the 
Normalized Absolute Error (NAE) is about 30% and occurs for time periods with highly variable 
meteorological conditions.   
 
4.2 Healthcare: satellite-based UV dosimetry 
 
4.2.1 Concept  
The satellite-based methodologies presented in Chapter 3 have been also exploited to calculate 
in near real-time the solar irradiance in the UV part of the spectrum only. This quantity can be 
converted in UV index units by applying the Erythemal Action Spectrum defined in (McKinlay 
and Diffey 1987). Then also the UV irradiance incident on the plane normal to sun rays is 
modelled (usually the maximum possible UV irradiance absorbed by the skin) is modelled by 
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exploiting the model described in (Perez, Ineichen, et al., Modeling daylight availability and 
irradiance components from direct and global irradiance 1990) and the related UV dose is 
calculated. 
This idea is the base of the satellite-based UV dosimeter that we developed and that showed 
good accuracy with respect to in-situ measured UV dose data.  
 
4.2.2 Results 
The performances of our satellite-based UV dosimeter have been validated thanks to the 
collaboration with the Environmental Protection Agency of the Valle d’Aosta Italian region 
(ARPA Valle d’Aosta). So far we compared only data of UV dose on the horizontal plane. 
The instrument used by ARPA has been the high-quality Kipp&Zonen UVS-AE-T radiometer 
installed at Saint Christophe (Aosta, Italy) at about 540 meters above sea level. 
 
Figure 61: Photo of the UVS-AE-T radiometer exploited for the validation of the satellite-
based UV dosimeter. Courtesy of Kipp&Zonen. 
We obtained a good agreement between satellite based and in-situ measured UV dose data. In 
particular the agreement is very good for days with stable weather conditions, while in unstable 
or broken-clouds days we obtained lower accuracy probably due to multiple scattering processes 
in the clouds layer and low spatial resolution of the source satellite image (about 3-4 Km for Valle 
D’Aosta).   
In the case of stable weather conditions we obtained the following results from the comparison 
of satellite-based and in-situ measured data (see also Figure 62): the correlation coefficient is 
99.23 %, the bias is 4.98 %, the Mean Absolute Error (MAE) is 7.07 % and the Root Mean 
Squared Error (RMSE) is 8.63 %.  
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Figure 62: Comparison between the UV dose derived from the satellite-based dosimeter and 
the UV data provided by the in-situ measurements performed by ARPA Valle d’Aosta in 
stable weather conditions. Data are referred to the period June-July 2014. Taken from 
(Morelli, Masini and Diémoz, et al. 2014).  
In Figure 63 we reported the behaviour of the maximum relative difference between satellite-
based and in-situ measured UV dose data with respect to solar zenith angle (SZA) for stable 
weather conditions.  
 
 
Figure 63: Maximum relative difference between satellite-based and in-situ measured UV 
dose data with respect to SZA in stable weather conditions. Data are referred to the Saint 
Christophe (Aosta, Italy) station in the period June-July 2014. Taken from (Morelli, Masini 
and Diémoz, et al. 2014). 
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The same comparisons have been performed also for the unstable weather conditions case. The 
results obtained are shown in Figure 64 and Figure 65.   
 
Figure 64: Comparison between the UV dose derived from the satellite-based dosimeter and 
the UV data provided by the in-situ measurements performed by ARPA Valle d’Aosta in 
unstable weather conditions. Data are referred to the period June-July 2014. Taken from 
(Morelli, Masini and Diémoz, et al. 2014). 
 
Figure 65: Maximum relative difference between satellite-based and in-situ measured UV 
dose data with respect to SZA in unstable weather conditions. Data are referred to the Saint 
Christophe (Aosta, Italy) station in the period June-July 2014. Taken from (Morelli, Masini 
and Diémoz, et al. 2014). 
The following results have been obtained for the unstable weather conditions case: the 
correlation coefficient is 95.6 %, the bias is 7.61 %, the Mean Absolute Error (MAE) is 11.88 % 
and the Root Mean Squared Error (RMSE) is 16.08 %. 
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5 REPORT OF THE ACTIVITIES IN 
RESEARCH PROJECTS 
 
5.1.1  FP7 “MACC” project 
The MACC (Monitoring Atmospheric Composition and Climate) research project MACC  was  
established  under  the  European  Union’s  Seventh  Framework  Programme  for  Research  and 
Technological  Development  to  provide  the  pilot  for  the  operational  core  GMES  
Atmosphere  Monitoring Service.  It  built  on  the  systems  and  prototype  pre-operational  
services  developed  in  the  Sixth  Framework Project GEMS, sustaining, improving and 
expanding the services and incorporating core elements of the ESA-funded  GMES  Service  
Element  project  PROMOTE.     
MACC provided sets of graphical, data and documentary products that emanated from:  
 Global service lines providing:  
-    monitoring of key aspects of climate, climate forcing and sources and sinks of key species;  
-    monitoring and forecasting of stratospheric ozone and UV radiation;  
-    forecasts of reactive gases and aerosols;  
-    boundary conditions for regional models.  
 European service lines providing:   
-    air-quality forecasts from an ensemble of high-resolution regional systems;  
-    air-quality assessments based on retrospective running of the regional systems using 
validated  
 Observational data;  
-    solar-energy resource assessment.   
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The consortium was composed by 39 partners (research institutes and companies) and led by 
the European Centre for Medium-Range Weather Forecasts (ECMWF). 
In this framework the Author contributed to the development and assessment of a service 
dedicated to satellite-based solar radiation monitoring for applications in the renewable 
energies sector. In particular he has been involved in the project from September 2011 till the 
end (December 2011), being also the author of the deliverable D_R-RAD_3.1-1 “Service chain 
validation report for downstream test cases” in collaboration with DLR (Germany).   
 
5.1.2 FP7 “ENDORSE” project 
The three-year ENDORSE project (ENergy DOwnstReam SErvices), co-funded by the European 
Commission from 2011 to 2013 in the frame of the Seventh Framework Programme, addressed 
the European Union’s objective to providing 20% of Europe’s  energy   from   renewable sources 
by 2020. From this ten services have been  developed  that  exploit  Earth  Observation  data  
and  models  in  five  domains  (wind,  sun, electricity  load  balancing,  biomass,  and  
daylighting)  with  the  aim  to  provide  solutions  at  a regional scale. 
The consortium was composed by ten partners, experts in energy or market analysis, which are 
research institutes or companies (SMEs): 
 Transvalor (France) 
 Flyby (Italy) 
 ENTPE (France) 
 DLR (Germany) 
 University of Genova (Italy) 
 iCons (Italy) 
 3E (Belgium) 
 Hochschule Ulm (Germany) 
 Armines (France, coordinator) 
 JRC (Italy) 
In this framework the Author contributed to the development and assessment of a service 
dedicated to satellite-based planning&monitoring of Concentrating Solar Power (CSP) plants 
(the so-called “S2 service”). In addition to this he has been the leader of the work package 
dedicated to products development (WP4), coordinating the development of the 10 ENDORSE 
services performed by the partners Transvalor (France), DLR (Germany), ENTPE(France), 3E 
(Belgium) and Hochschule Ulm (Germany). The Author participated to all the project meetings 
from September 2011 (when he was involved) till the end of the project (December 2013), 
having several oral presentations about the S2 service and about WP4 also for the European 
Commission representatives at the Review Meetings. He has been author and co-author of three 
deliverables. 
 
5.1.3 ASI “SATENERG” project 
The SATENERG project has been co-funded by the Italian Space Agency (ASI) from 2012 to 2014 
for the development of innovative satellite-based services dedicated to planning&monitoring of 
solar energy plants (CSP and CPV) and off-shore wind plants. The consortium was composed by 
two Italian SMEs (Flyby and PXL) and led by Flyby, while the prime-user has been Enel Green 
Power. 
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In this frame the Author was the technical responsible of the project, coordinating the 
development of the services and in particular developing the services related to solar energy 
plants. He participated to all the project meetings, having several oral presentations and being 
author or co-author of 16 deliverables. 
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6 CONCLUSIONS 
6.1  Achieved results 
We presented the main innovative results obtained during the PhD, with a particular focus on 
the scientific results concerning with satellite-based characterization of the aerosols impact on 
solar radiative transfer in the atmosphere.  
As explained in Chapter 3, the comparison of ground radiation measurements and satellite 
multispectral imagery leaded to find a correlation between the aerosols impact on solar 
radiation at ground in cloudless-sky conditions and the spectral radiance observed in near real-
time by the SEVIRI sensor on the MSG satellite in two infrared channels. This could allow the 
development of an innovative technique for the near real-time assessment of aerosols impact 
on solar radiation at ground in cloudless-sky conditions starting from multispectral satellite 
imagery. 
For what concerns applications, we described in Chapter 4 the satellite-based methodologies 
that we developed in the solar energy sector (solar energy plants monitoring) and in the 
healthcare sector (UV dosimeter) starting from the techniques described in Chapter 3. Both 
these applications have been already validated, showing a good agreement with ground-based 
measurements, as also described in (Morelli, Masini and Ruffini, et al. 2015 - in press) and in 
(Morelli, Masini and Diémoz, et al. 2014).   
We can summarize the results achieved and described in this Thesis as follows:  
 a satellite-based method for the near real-time monitoring of the performances of a 
solar energy plant has been developed and validated; 
 a satellite-based UV dosimeter has been developed and validated; 
 a correlation between multispectral (infrared) satellite imagery and aerosols impact 
on solar radiation at ground in cloudless-sky conditions has been demonstrated; 
 a novel satellite-based methodology for the near real-time assessment of aerosols 
impact on solar radiation monitoring (and related applications) in cloudless-sky 
conditions has been envisaged. 
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These results have been developed also in the frame of national and international research 
project, as explained in Chapter 5.  
 
6.2 Future developments 
The scientific results on the satellite-based characterization of aerosols impact on solar 
radiative transfer in the atmosphere should be further validated. In particular the correlation 
found should be verified also for other locations (with different types of aerosols) and other 
seasons. 
In case that this observed correlation will be confirmed by other data, the envisaged 
methodology for the near real-time assessment of aerosols impact should be actually 
developed. In particular an algorithm that relates the infrared spectral radiances observed by 
the satellite sensor and the actual solar radiation quantity at ground (i.e. solar shortwave 
irradiance or UV-index) should be developed and validated.   
We could also exploit the aerosol optical depth (AOD) data provided by the AERONET network 
in order to find a possible relation of AOD with satellite optical data.  
Other related scientific research activities could be also performed. For example the impact of 
aerosols shape on solar radiative transfer could be investigated. Aerosols are usually modelled 
(as in this Thesis) with a spherical shape, but real aerosols could have shapes very different 
from a sphere (as shown also in Chapter 2).  
This could have important effects on atmospheric extinction processes, as shown also by 
(Dubovik, et al. 2000): the optical properties of non-spherical aerosols (ellipsoidal) and 
spherical aerosols resulted relevantly different, showing a possible great impact on atmospheric 
radiative transfer modelling.  
This fact should be taken into account both at ground and at satellite level, because aerosols 
optical properties influence both the solar radiation incident at ground and the backscattered 
radiation observed by a satellite sensor. So aerosols shape could result a relevant factor to be 
assessed both in satellite-based aerosols impact detection and in the applications related to 
solar radiation at ground. 
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8 APPENDICES 
8.1  Appendix A: Publications 
 
8.1.1 List of publications 
 
8.1.1.1 Peer reviewed 
 M. Morelli and F. Flore, Satellite data for solar ultraviolet and photovoltaic 
management services, ESA-NEREUS publication “The growing use of GMES 
across Europe’s Regions”,  120-121 (2012) 
 M. Morelli, A. Masini, F. Ruffini and M. A. C. Potenza, Metodologie innovative 
per il support nella progettazione e l’analisi delle prestazioni di impianti ad 
energia solare a concentrazione ed eolici off-shore utilizzando immagini 
satellitari ottiche e SAR, Bolletino della Associazione Italiana di Cartografia 
149, 103-115 (2013)   
 M. Morelli, A. Masini and M. A. C. Potenza, Web tools concerning performance 
analysis and planning support for solar energy plants starting from remotely 
sensed optical images, Environmental Impact Assessment Review - in press 
(2015)   
 
8.1.1.2 Conference proceedings 
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optical images, Proceedings of “ATMOS 2012 – Advances in Atmospheric 
Science and Applications” – Bruges, Belgium – ESA SP-708 (2012)  
  
73 
 
 
 M. Morelli and B. Canessa, Nuovo teledosimetro UV mobile realizzato su 
periferiche Smartphone utilizzando dati di sensori ottici satellitari, 
Proceedings of the “5th  national meeting of the Italian Environmental 
Protection Agencies” – Novara, Italy – ISBN: 978-88-7479-118-7 (2012) 
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8.1.2 Published peer-reviewed papers 
 
8.1.2.1 In ESA-NEREUS publication “The growing use of GMES across 
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8.2 Appendix B: Presentations at conferences  
 
8.2.1 International 
In the following list we report the 10 presentations had by the Author at international scientific 
conferences. 
 
 Poster presentation with title “A new method for the performance analysis of a 
Concentrating Solar Power energy plant using remotely sensed optical images” at the 
“ATMOS – Atmospheric Science Conference” organized by the European Space Agency 
(ESA) at Bruges (Belgium) in June 2012 
 
Some preliminary results obtained in the frame of the FP7 ENDORSE project have been 
presented. These results concerned with the development of a satellite-based monitoring 
and planning system for Concentrating Solar Power plants based on the integration of 
satellite-based irradiance measurements with a model of CSP plants. A performance 
analysis can be carried out by comparing the actual power production with the satellite-
based (estimated) one in near real-time with a good accuracy. 
 
 
 
 Oral presentation with title “A new method for the performance analysis of a 
photovoltaic energy plant using remotely sensed optical images” at the “EUMETSAT 
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Meteorological Satellite Conference” organized by the EUMETSAT at Sopot (Poland) in 
September 2012 
 
A method for the near real-time monitoring of the performances of a photovoltaic plant 
has been presented. This method integrates a satellite-based assessment of the 
shortwave solar radiation incident on each PV cell (with some improvements with 
respect to the original Heliosat method) and an opto-electronic model of the PV plant. 
 
 
 
 Poster presentation with title “The SATENERG project: satellite services for new 
generation renewable energies” at the conference “Renewable Energy: the added 
value of satellite solutions for SMEs” organized by the EURISY at Graz (Austria) in 
September 2012 
 
Presentation of some web-services developed in the frame of the SATENERG project. In 
particular a satellite-based monitoring/planning support system for solar energy plants 
(PV, CPV, CSP) and off-shore wind plants (based on SAR imagery) has been presented.  
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 Poster presentation - in collaboration with Dr. Claire Thomas of Transvalor S.A. 
(France), partner in the FP7 ENDORSE Consortium - with title “The project ENDORSE: 
exploiting EO data to develop pre-market services in renewable energy” at the 
conference “Renewable Energy: the added value of satellite solutions for SMEs” 
organized by the EURISY at Graz (Austria) in September 2012 
 
Presentation of the first results obtained by all the 10 products developed in the frame of 
the FP7 ENDORSE project, with an additional focus on satellite-based monitoring of solar 
energy plants.  
 
On this occasion the Coordinator of the FP7 ENDORSE project, Prof. Lucien Wald, 
nominated the Author as the official representative of the project. 
 
 
 
 
 Poster presentation with title “New Approaches to Off‐Shore Wind Energy 
Management Exploiting Satellite EO Data” at the “ESA Living Planet Symposium” 
organized by the European Space Agency (ESA) at Edinburgh (UK) in September 2013 
 
Presentation of the first results obtained in the frame of the ASI SATENERG project about 
satellite-based monitoring of off-shore wind plants by exploiting satellite SAR imagery.  
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 Oral presentation with title “Web tools for performance analysis and planning support 
for solar energy plants starting from remotely sensed optical images” at the 27th 
“EnviroInfo” conference organized by the University of Hamburg at Hamburg 
(Germany) in September 2013 
 
Presentation of the results obtained in the frame of the FP7 ENDORSE project about 
satellite-based monitoring of solar energy plants (PV, CPV, CSP) and the related web-
services.  
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 Poster presentation with title “Sentinel-2 Imagery for the Development of Innovative 
Decision Support Systems Dedicated to Sustainable Forest Management” at the 
“Sentinel-2 for Science Workshop” organized by the European Space Agency (ESA) at 
Frascati (Italy) in May 2014 
 
Presentation of some innovative concepts aimed to support intelligent forestry 
management based on satellite imagery and in particular on the (future) features of the 
ESA’s Sentinel-2 satellite.  
 
 
 
 
 Poster presentation with title “Satellite-based ultraviolet and shortwave direct-diffuse 
solar radiation data validated through ground-measured BSRN data in support of 
downstream services dedicated to health prevention and solar energy” at the “13th 
Baseline Surface Radiation Network Scientific Review and Workshop” organized by 
BSRN at Bologna (Italy) in September 2014 
 
Presentation of the solar radiation measurement station installed at Livorno, Italy (by a 
team led by the Author) and of the satellite-based applications that can be validated by 
exploiting its high-quality measurements.  
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 Oral presentation with title “Combining satellite optical remote sensing and radiative 
transfer simulation of spherical and non-spherical atmospheric aerosols to increase 
the performances of downstream applications in the fields of renewable energy and 
healthcare” at the “SPIE Remote Sensing 2014” conference organized by the 
International Society for Optics and Photonics (SPIE) at Amsterdam (the Netherlands) 
in September 2014 
 
Presentation of the first results obtained by comparing spherical and non-spherical 
shapes of the aerosols in the atmosphere and their effects on solar radiation transfer.  
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 Oral presentation with title “Monitoring the performance of solar energy plants from 
satellite remote sensing of air temperature and ground solar irradiance through an 
accurate modelling of the effects of aerosol optical properties” at the 14th European 
Meteorological Society (EMS) Conference organized by EMS at Prague (Czech 
Republic) in October 2014 
 
Presentation of the first results obtained by comparing spherical and non-spherical 
shapes of the aerosols in the atmosphere and their effects on solar energy plants 
monitoring by taking into account also satellite-based air temperature values (starting 
from the product developed in collaboration with the University of Genoa in the frame of 
the FP7 ENDORSE project).  
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8.2.2 National 
In the following list we report the 4 presentations had by the Author at national (Italian) scientific 
conferences. 
 
 Oral presentation with title “Nuovo teledosimetro UV mobile realizzato su periferiche 
Smartphone utilizzando dati di sensori ottici satellitari” (New mobile UV 
teledosimeter realized on Smarthphone devices exploiting satellite optical data) at the 
5th national meeting of the Italian Environmental Protection Agencies held at Novara 
(Italy) in June 2012 
 
Presentation of the first results obtained with the satellite-based UV dosimeter and of the 
related smartphone application (first version).  
 
 
 
 
 Oral presentation with title “Metodologie innovative per il supporto nella 
progettazione e l’analisi delle prestazioni di impianti ad energia solare a 
concentrazione ed eolici off-shore utilizzando immagini satellitari ottiche e SAR” 
(Innovative methodologies in support to the planning and the performance 
monitoring of concentrating solar energy plants and off-shore wind plants by 
exploiting satellite optical and SAR images) at the 16th ASITA conference at Vicenza 
(Italy) in November 2012 
 
Presentation of the first results obtained in the frame of the ASI SATENERG project about 
satellite-based monitoring of solar energy plants and off-shore wind plants.  
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 Oral presentation with title “Monitoraggio in quasi tempo reale e previsione a breve 
termine della radiazione UV su piano normale basati sull’elaborazione di immagini 
ottiche satellitari e sulla modellizzazione del trasferimento radiativo in atmosfera” 
(Near real-time monitoring and short-term prediction of UV radiation on normal plane 
based both on the elaboration of satellite optical images and on atmospheric radiative 
transfer modelling) at the 100th national meeting of the Italian Physical Society (SIF) 
organized by SIF at Pisa (Italy) in September 2014 
 
Presentation of the satellite-based UV dosimeter and of the results obtained in predicting 
sunburn timings (in collaboration with ARPA Valle d’Aosta and ARPA Toscana).  
 
 
 Poster presentation with title “Validazione di un sistema per il monitoraggio in quasi 
tempo reale e per la previsione a breve termine della radiazione UV a partire da 
immagini ottiche satellitari” (Validation of a system for the near real-time monitoring 
and the short-term prediction of the UV radiation starting from satellite optical 
images) at the 37th national meeting of the Italian Association for RadioProtection 
(AIRP) organized by AIRP at Aosta (Italy) in October 2014 
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Results of the validation of satellite-based UV dosimeter performed thanks to the UV data 
provided by ARPA-Valle d’Aosta (measured at the ARPA’s meteorological station involved 
in the World Ozone and UV Data Center – WOUDC - project). 
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8.3 Appendix C: Presentations at project meetings  
 
8.3.1 International 
In the following list we report the 8 oral presentations had by the Author at international research 
projects meetings. 
 “WP402 – Product S2: “Design CSPS” Development status and first version availability” 
– 3rd Meeting of the FP7 ENDORSE project – Paris (France) - 14/12/2011 
 
 “ENDORSE WP4 activities and results” – 3rd Meeting of the FP7 ENDORSE project – 
Paris (France) - 15/12/2011 
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 “WP402 – Product S2: “Design CSPS” - Development status and complete version 
availability” – 4th Meeting of the FP7 ENDORSE project – Wessling (Germany) - 
04/07/2012 
 
 “WP602 – Service S2: “Design CSPS “ - 4th Meeting of the FP7 ENDORSE project 
– Wessling (Germany) - 05/07/2012 
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 “WP 602 – Service S2 “Design CSPS” Development status” – 5th Meeting of the FP7 
ENDORSE project – Brussles (Belgium) - 05/03/2013 
 
 “WP 4 “Product Development” - Current status” -  5th Meeting of the FP7 ENDORSE 
project – Brussles (Belgium) - 06/03/2013 
 
 “WP 4 “Product Development” - Activities done in 2012 and perspectives” – 5th 
Meeting of the FP7 ENDORSE project – Brussles (Belgium) - 07/03/2013 
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 “WP 602 – Service S2 “Design CSPS” Service demonstration” - Final Meeting of the FP7 
ENDORSE project – Paris (France) - 11/12/2013 
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8.3.2 National 
In the following list we report the 5 oral presentations had by the Author at national (Italian) 
research projects meetings. 
 “Presentazione dei requisiti utente” (User requirements presentation) – 2nd Meeting of 
the ASI SATENERG project – Livorno (Italy) - 08/05/2012 
 
 “Presentazione dei requisiti tecnici per i servizi Earth Observation” (Technical 
requirements for Earth Observation services) - 2nd Meeting of the ASI SATENERG 
project – Livorno (Italy) - 08/05/2012 
 
 “Stato dell’arte delle metodologie EO per le energie rinnovabili” (State of art of EO 
methodologies for renewable energies) – 3rd Meeting of the ASI SATENERG project – 
Roma (Italy) - 07/11/2012 
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 “Algoritmo per la stima dell’irradianza solare a terra” (Algorithm for the estimate of 
solar irradiance at ground)– 3rd Meeting of the ASI SATENERG project – Roma (Italy) - 
07/11/2012 
 
 “Metodologie innovative di elaborazione dei dati EO per le energie rinnovabili” 
(Innovative methodologies for EO data elaboration for renewable energies)- 3rd 
Meeting of the ASI SATENERG project – Roma (Italy) - 07/11/2012 
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8.4 Appendix D: Awards  
 
8.4.1 EMS Young Scientist Travel Awards (YSTAs) – Fee Waiver 
 
The “EMS Young Scientist Travel Awards (YSTAs) 2014 – registration fee waiver“ prize has 
been awarded in September 2014 to the Author by the European Meteorological Society for 
the participation to the conference “14th EMS Annual Meeting & 10th European Conference on 
Applications of Meteorology” (held in October 2014 in Prague - Czech Republic) in recognition 
to his oral contribution “Monitoring the performance of solar energy plants from satellite 
remote sensing of air temperature and ground solar irradiance through an accurate modelling 
of the effects of aerosol optical properties”. 
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8.5 Appendix E: other relevant activities performed during the 
PhD 
 
8.5.1 Attended courses 
 
8.5.1.1 Courses at the University of Milan 
 Laboratory of Optical Instrumentation with applications to Atmospheric Physics (Dr. 
Roberta Vecchi) 
 Methodologies of Data Analysis (Prof. Fernando Palombo) 
 
8.5.1.2 ESA Earth Observation Summer School 
Flyby fully funded the participation of the Author to the international Summer School on Earth 
Observation with title “Earth System Monitoring & Modelling”, organized by the European 
Space Agency (ESA) at Frascati (Rome, Italy) on August 4th – 14th  2014. 
 
Figure 66: Copy of the Diploma released to the Author for the participation to the ESA EO 
Summer School in August 2014 at Frascati (Rome, Italy) 
 
8.5.2 BSRN “Spectral measurements” expert group 
BSRN is a project of the Data and Assessment Panel from the Global Energy and Water Cycle 
Experiment (GEWEX) under the umbrella of the World Climate Research Programme (WCRP) 
proposed by the World Meteorological Organization (WMO). It is the global baseline network 
for surface radiation for the Global Climate Observing System (GCOS), contributing to the 
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Global Atmospheric Watch (GAW), and forming a cooperative network with the Network for 
the Detection of Atmospheric Composition Change (NDACC).   
The Author has been included in September 2014 in the expert group on spectral 
measurements of the Baseline Surface Radiation Network (BSRN) for his contributions in the 
field of UV radiation measurements.  
 
8.5.3 Teaching activities 
The Author contributed during his PhD to two courses of the University of Pisa (Italy): 
 Course on “Quantum Optics” at the Department of Physics (Prof. Danilo Giulietti); 
 Course on “Home Automation” at the Department of Electrical Engineering (Dr. 
Emanuele Crisostomi). 
In the first case he had a two-hours lecture (courtesy of Prof. Giulietti) on solar radiation 
measurement at ground level and by satellite optical sensors (and its possible applications), 
while in the second case he had a one-hour lecture on the possible applications of satellite-
based monitoring of solar radiation in the energy efficiency field (courtesy of Dr. Crisostomi). 
 
8.5.4 Reviewer activities 
The Author has been asked, in view of his expertise, to make a review of the paper ENSY-D-13-
00129 “Study on the performance enhancement of the filled-type solar collector with U-tube” 
submitted to the Energy Systems journal (ISSN: 1868-3975) edited by Springer. 
The abstract of the paper was the following: 
The enhancement on the efficiency of solar collector will affect the application of solar heating 
and cooling systems, and the solar collector with high thermal performance has become a hot 
topic for research. In order to increase the efficiency of solar collector, this paper proposes a 
methodology based on the analysis of the influencing factors such as thermal conductivity of filled 
layer, structure forms of filled layer and heat loss coefficient. The analysis results show that the 
heat transfer between pipes in evacuated tube is one of the most important factors, which can 
lead to the decrease the outlet temperature of working fluid. In order to eliminate the negative 
influence of the heat transfer between pipes, the hollow filled-type evacuated tube with U-tube 
(HUFET) has been developed in this study, and the heat transfer characteristic of HUFET has been 
analyzed by theoretical and experimental studies. The results show that the thermal resistances 
decrease 
with the increasing of the thermal conductivity of filled layer. When the thermal conductivity is 
over 10 W/(m*K), the change of thermal resistances is very little. Furthermore, the larger 
thermal conductivity of filled layer, the less rate of the energy transfer between the two pipes to 
the total energy transfer between the absorber tube and the working fluid. There is a little 
difference between the efficiency of HUFET and UFET, with the efficiency of HUFET is higher 2.4% 
than that of UFET. Meanwhile, the validation of the model developed has been confirmed by the 
experimental investigation in this study.  
A complete review of the paper has been done by the Author in February 2014. 
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8.5.5 Thesis supervision 
The Author has been involved in 2013 as co-Supervisor in a Master Thesis at the Department of 
Electrical Engineering of the University of Pisa (in collaboration with Dr. Mauro Tucci - 
Supervisor of the Thesis - and Flyby S.r.l.). The topic of the Thesis was the realization of a 
satellite-based system for the remote diagnostics of  photovoltaic energy plants. 
Moreover the Author is currently involved in the co-Supervision of a Master Thesis at the 
Department of Physics of the University of Pisa (in collaboration with Prof. Danilo Giulietti - 
Supervisor of the Thesis - and Flyby S.r.l.). The topic of the Thesis is the ground-based 
measurement of solar radiation and the characterization of aerosols impact. 
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8.6 Appendix F: Project deliverables  
 
8.6.1 Non-public 
In the following list we report the 16 non-public research project deliverables where the Author is 
an author or a co-author. 
 “Requisiti tecnici per i servizi di EO” (Technical requirements for the EO services)- M2 
deliverable of the ASI SATENERG project - 17/04/2012 
 
 “User requirements” (Technical requirements for the EO services)- M2 deliverable of 
the ASI SATENERG project - 16/04/2012 
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 “Algoritmo per la stima dell’irradianza solare a terra utilizzando diverse fonti di dati 
satellitari” (Algorithm for the estimate of the solar irradiance at ground exploiting 
different satellite sources)- M3 deliverable of the ASI SATENERG project - 06/11/2012 
 
 “Metodologie di elaborazione dati EO satellitari per le energie rinnovabili” 
(Methodologies for the elaboration of EO satellite data for the renewable energies)- 
M3 deliverable of the ASI SATENERG project - 18/09/2012 
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 “Stato dell’arte sull’elaborazione dati di EO per l’assistenza nella progettazione e nel 
monitoraggio di impianti solari a concentrazione ed eolici off-shore” (State of art on 
the elaboration of EO data for supporting the planning and the monitoring of 
concentrating solar plants and off-shore wind plants) - M3 deliverable of the ASI 
SATENERG project - 06/11/2012 
 
 “Service EO subsystem definition” – M4 deliverable of the ASI SATENERG project - 
27/01/2013 
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 “Requisiti di sistema” (System requirements) – M4 deliverable of the ASI SATENERG 
project - 03/01/2013 
 
 “Definizione delle specifiche per la validazione del sistema e dei suoi component” 
(Definition of the specifics for the validation of the system and of its components) – M5 
deliverable of the ASI SATENERG project - 29/03/2013 
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 “Procedure di validazione del sottosistema servizi di EO” (Validation procedures for 
the EO subsystem) – M5 deliverable of the ASI SATENERG project - 27/07/2013 
 
 “Procedure di validazione del sistema integrato” (Validation procedures for the 
integrated system) – M5 deliverable of the ASI SATENERG project - 27/07/2013 
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 “Report: validazione in-house del sottosistema servizi di EO” (Report: in-house 
validation of the EO services subsystem) – M5 deliverable of the ASI SATENERG 
project - 27/07/2013 
 
 “Report: validazione in-house del sistema integrato” (Report: in-house validation of 
the integrated system) – M5 deliverable of the ASI SATENERG project - 27/07/2013 
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 “Report: validazione in-field del sistema integrato” (Report: in-field validation of the 
integrated system) – M6 deliverable of the ASI SATENERG project - 21/01/2014 
 
 “User feedback analysis” – M6 deliverable of the ASI SATENERG project - 21/01/2014 
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 “Viability analysis” – M6 deliverable of the ASI SATENERG project - 21/01/2014 
 
 
 “Implementation roadmap and recommendations” – M6 deliverable of the ASI 
SATENERG project - 21/01/2014 
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8.6.2 Public 
In the following pages we enclose the 4 public research project deliverables where the Author is an 
author or a co-author: 
 Deliverable D_R-RAD_3.1-1 of the FP7 MACC project 
 Deliverable D402.1 of the FP7 ENDORSE project  
 Deliverable D602.1 of the FP7 ENDORSE project  
 Deliverable D602.2 of the FP7 ENDORSE project  
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